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Fr~nge-lock~ng techniques ar used for the recording of stable 90 0 phase-shifted running 
holograms In photorefractive crystals. The use of this technique permits the characterization 
of a fast and a slow photoactive species in Bi 1ZTi020• We compare our results with those 
obtained from other methods and discuss the practical interest of this technique. 
I. INTRODUCTION 
The recording of running holograms in photorefractive 
crystals with large applied electric field E is an interesting 
technique for increasing diffraction efficiency and still 
maintaining a 90· phase shift relative to the recorded in-
terference pattern. Both high efficiency and 90 0 phase shift 
are very convenient conditions for beam coupling in two-
wave mixing experiments. 1 
A well-known method for running hologram recording 
is the use of an interference pattern moving along with the 
same characteristic velocity vO of the hologram that is be-
ing recorded.2 The displacement of the recorded pattern 
may be produced by the movement of a piezoelectric sup-
ported mirror adequately placed in the holographic setup. 
The dependence of diffraction efficiency upon the interfer-
ence pattem displacement velocity, however, is sharply 
peaked at Vo and this fact makes it difficult to keep the 
piezoelectric at an adequate speed for obtaining a stable 
diffraction efficiency. 
Fringe locking, on the other hand, is an interesting 
technique for running hologram recording3,4 because it 
provides the necessary adaptive synchronization of the re-
corded pattern to the running hologram velocity Vo (in 
general it is vo#vo) in the crystal, with an exactly 90 0 
phase shift required by beam-coupling experiments. This 
method has already been applied to a BilZSi020 (BSO) 
sample and was shown to produce an efficient and highly 
stable hologram. Note that 90· phase shift means that the 
space-charge-arising electric field modulation Esc in the 
crystal is purely imaginary in a complex mathematical rep-
resentation. Such holograms are different from the usual 
running holograms that are based on diffraction efficiency 
( 11 ex: I Esc 12) maximization.4 In this paper we report the 
use of fringe-locked recording for the detection and char-
acterization of two photoactive species (a slower and a 
faster one) in Bi12Ti020 (BTO) crystal for the Il = 5145 
nrn laser line. The slower species hologram provides a fixed 
reference that allows measuring Vo for the faster species in 
a new simple and accurate way. From vo-vs-E data LD and 
1; are computed. The sign of the predominant charge car-
riers is also determined comparing the direction of Vo with 
that of the applied electric field E. 5 
II. FRINGE~LOCKED RUNNING HOLOGRAM 
Figure 1 shows a typical two-wave mixing setup, The 
interference pattern is projected onto the (110) crystal face 
and the grating vector K is parallel to the PI0] crystal axis 
along the x coordinate. The interference pattern is repre-
sented by 
1=/o(1 + m cos Kx), (1) 
where m is the fringe contrast and 10=1\ + 12, The irradi-
ance I R along the II direction through the crystal is for-
mulated as 3 
(2) 
where the absorption of the crystal was neglected. It is 
assumed that 71<1, where 71 is the diffraction efficiency of 
the hologram in the crystal. F is a term accounting for the 
relation between the polarization directions of the trans-
mitted and the diffracted waves, and "if; is the phase shift 
between the recorded interference pattern and the resulting 
hologram in the crystal. For detection purposes we modu-
late the phase of one of the interfering beams in the setup 
at frequency 0/217" = 1500 Hz with a small phase ampli-
tude I/!a < 1, using a piezoelectric supported mirror (PZT in 
Fig. 1). Thus a series of harmonic terms in 0 are detected 
in I R, whose first- and second-harmonic term amplitudes 




A V n dc voltage signal arising from the synchronous lock-
in amplifier detection of In is used as an error signal for 
operating a negative feedback loop acting on the same pi-
ezoelectric (PZT) supported mirror referred to above. The 
movement of this mirror modifies the path difference be-
tween both arms in the holographic setup in order to com-
pensate for phase perturbations and keep "if; fixed at 90 0 
(that is, In = 0). The corresponding displacement of the 
running hologram under applied electric field is detected 
by the feedback loop as a phase perturbation, in which case 
the adaptive system keeps the interference pattern moving 
synchronously with it and keeps it 90 • phase-shifted to the 
running hologram in the crystal. Note that In = 0 means 
that the real part of Esc is zero CRe{Esd a: v'rt 
X cos "if; a: In = 0), a characteristic of fringe-locked run-
ning holograms.4 The V2fl voltage signal arising from /2n 
on the other side, proportional to -J17sin"if;, describes the 
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FIG. 1. Typical two-wave mixing setup. BS is a beam-splitter, D is a 
detector, PZT is the piezoelectric supported mirror, f! and 2n are two 
lock-in amplifiers respectively tuned to frequencies nand 20, HV is a 
high-voltage amplifier for the PZT, and OSC is a low-amplitude oscillator 
modulating PZT with frequency n. 
imaginary part of the space-charge electric field modula~ 
tion Im{Esd which is responsible for energy beam cou-
pling in two-wave mixing. (, 
Figure 2 reproduces data from Ref. 3 and illustrates 
the evolution of Vn and Vw for the adaptive fringe-locked 
recording in BSO with large applied electric field. The first 
portion of the trace shows the highly unstable signals char-
acteristic of nonstabilized recording. 7 In the second part, 
the beginning of the stabilization is marked by the sudden 








FIG. 2. Recording of Va and Vw (in Ii-V) for BSO, using a fixed pattern 
of light in the first portion of the trace and a fringe-locked pattern in the 
second portion (reproduced from Ref. 3). 
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FIG. 3. Recording of Vu and V2!l for BTO ill the fringe-locked mode for 
K ~c 4.24 pm' I, I) = 6/"W /em", 12 = 550 ,LW /cm~, 2Kf!ZTU1d = 6 V and 
E,=7.1 kV/cm. 
'1jJ = 90°) fringe-locked condition. The rapid evolution of 
V2U towards an asymptotic constant value shows that a 
stable nonstationary hologram is being achieved. It may be 
shown that under fringe-locked conditions the PZT driving 
voltage VpZT is directly proportional to Vn.
3
,4 Therefore, 
once the stabilization system has been turned on, the linear 
V f1. evolution represents the corresponding displacement of 
the PZT supported mirror. Such displacement is a conse-
quence of the recorded pattern being fringe-locked to the 
running hologram in the crystal. It is easy to show that the 
hologram velocity Vo may be computed from3,4 
dVPZTldt = dVnldt so that 
_ J:!t,ZT I d V PZT \' 
Vo- K i dt ' (5) 
where ~ZT is the overall dc voltage-to-phase conversion 
factor for the PZT in the setup, and K is the grating wave-
vector value in the crystaL 
III. TWO PHOTOACTIVE SPECIES IN BTO 
Figure 3 represent the same information as in Fig. 2 
but for a BTO sample. In this case a hologram was first 
recorded in a nonstabilized mode under applied electric 
field. Some 5-10 min after that, the recording was contin-
ued in the same conditions but in a fringe-locked mode. 
The remarkable oscillating behavior of Vm here is due to 
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FIG. 4. Recording of Vn and V2H for BTO in the fringe-locked mode for 
K = 424 ttm - " I, = 550 ~W /cm2, 12 = 6 f-i,W /cm2, 2K'iZT!/Jd = 6 V, and 
E = 4.79 kV /cm. Note the first part of the trace which is characteristic of 
nonstabilized recording, the second part showing the behavior of fringe-
locked running hologram recording, and the third portion where fringes 
are locked to the fixed hologram (constant value for V n). 
the superposition of two holograms: a slower fixed one 
recorded in the nonstabilized step, and a faster-running 
hologram recorded in the fringe-locked step. The running 
hologram is certainly predominant because the interference 
pattern is locked to it and carried along with it. The inter-
ference pattern passing through the fixed hologram with 
velocity Vo gives rise to the oscillatory behavior of Vm . The 
corresponding oscillation in the overallr; is also responsi-
ble for the steplike evolution of Vn. The amplitude of such 
an oscillation was shown to vary considerably for different 
experimental runs. We suppose that this is due to the vari-
able extent to which the slower hologram is recorded dur-
ing the preliminary nonstabilized step. The oscillation in r; 
may eventually reach so large values that the restoring 
forces in the feedback loop may become too weak for keep-
ing the fringes locked to the running hologram. In this case 
the pattern stops moving and gets locked to the fixed ho-
logram as shown in Fig. 4, where we see that from a certain 
point on V [), does remain constant. The resulting damped 
oscillatory evolution of V2n represents the corresponding 
decay of the running hologram from whose data its decay 
time may be evaluated. 
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FIG. 5. Running hologram velocity dependence upon applied electric 
field for BTO measured from the Vn slope cel and from V2!l oscillations 
(X), always for K = 4.24 /lm -I, m=< I, and 10 = 1 mW/cm2. 
IV. RUNNING HOLOGRAM VELOCITY 
The average V n evolution in Fig. 3 was used for mea-
suring Vo (now labeled v~ because of its relation to V [),) for 
the fast hologram, using the relations in Eq. 5, as for the 
case of ESO in Refs. 3 and 4. The resulting v~ for different 
applied fields E are plotted (circles) in Fig. 5. 
The existence of a fixed hologram in ETO, however, 
provides a new approach for measuring Vo with higher ac-
curacy. In fact, each period (To) in V2fl oscillation in Fig. 
3 represents the displacement of the running hologram 
along one spatial period (217/ K) in the crystal so that Vo 
(now labeled v5f!) may be computed from 
v~fl=21T/(KTo). (6) 
This method is very simple and does not depend upon any 
parameters of the setup except the wave-vector value K. 
The v6n dependence upon E was measured in this way and 
also plotted (crosses) in Fig. 5. We assume that the differ-
ence between both curves in Fig. 5 is due to a systematic 
error in ~ZT [Eq. (5)}. ~ZT was measured in a previous 
experiment using a fixed grating recorded in a photoresist 
film, and is described in detail in Ref. 8. We have 
remarked, however, that its measured value was indeed not 
very reliable because of unpredictable variations in the 
electromechanical behavior of the massive mirror-
piezoelectric system used in the setup. 
As for the case of BSO in Refs. 3 and 4, Vo (v~ and 
v;P') versus E data for ETO were shown to fit the theoret-
ical relation4 







where LD is the diffusion length, Us is the maximum value 
for Uo and Es its corresponding abscissa, go is the uniform 
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TABLE 1. Experimental results for BTO using fringe-locked techniques. All data below were obtained using unit contrast fringes m = 1. 
K 10 Es ~ v2!l s go LD 
(um--l) (mW/cm2) (kV!cm) (}Im/s 10 - 3) [(m ) s . I 102O )J (urn) 4> 
4.24 1.0 1.9 
4.24 1.0 1.6 1l6.6 
13.05 0.73 4.2 5.7 
13.05 0.73 3.7 
photoelectron generation rate at uniform irradiance fo, 
ED=KknTlq (with kn being the Boltzmann constant, T 
the absolute temperature, q the electron charge, and ED the 
diffusion-only space-charge-arising electric field modula-
tion amplitude), and € the electric permittivity (Ef£o = 47 
for ETO (Ref. 7)). From Eqs. (7)-(9) LD and go were 
computed for BTO and reported in Table I, where vY and 
v~n represent Vs in Eq. (7) calculated from Vn slope data 
[Eq. (5)] and from V2!l oscillations [Eq. (6)], respectively. 
Results obtained from V2n data are certainly more reliable 
than those obtained from V fl., as may be roughly verified by 
the lower data dispersion in Table I. The expression for go 
in Eq. (8) may be obtained from Ref. 9: 
#0 (1 - R) (l - e - al)cos 8 l 
go=7W < (1 - Re -. al)d cos 8
2 
(10) 
where ej and 82 are the incident and refracted beam angles, 
respectively, and R is the reflectance at the air-crystal in-
terface. The crystal absorption coefficient is a, the effective 
path of beams through the crystal is I, d is the crystal 
thickness, and ¢ the quantum efficiency. Substituting a = 9 
em -I and l=d= 1.5 mm for our BTO sample, and 
R=0.2, we computed 4>. Table II compares experimental 
L D and ¢ values in this experiment with data obtained from 
hologram erasure techniques.9 Note that LD values are sim-
ilar, but ¢ values obtained from fringe-locked methods are 
slightly loweL 
The direction of Vo relative to E lets us know that 
electrons are the predominant charge carriers for the fast 
species in BTO, as was the case for BSO in Refs. 3 and 4. 
V. THE SLOWER PHOTOELECTRON SPECIES 
Experimental evidence from data in Fig. 3 show that 
both the faster and the slower photoactive species are si-
multaneously involved in holographic recording in BTO 
for the S14.5-nm wavelength. AU data associated with run-
TABLE II. Comparative results for BTO using fringe-locked (FL) and 
hologram erasure (HE) techniques. 
K [0 




• Vw oscillation-based experiments. 
hUnpublished. 
L1) 









\34.7 23.9 0.16 0.22 
17.4 0.22 0.17 
21.2 0.10 0.32 
7.8 25.6 0.16 0.38 
ning holograms in Sec. IV refer to the faster photoactive 
species only. It is possible, however, to measure the holo-
graphic decay rate for the slower species. When doing this, 
the recording in nonstabilized mode was performed under 
applied electric field (2.7-7.8 kV lem) for about 10 min. 
The exposure was then continued for 10 s but now using 
tPd [see Eqs. (3) and (4)] large enough to prevent holo-
graphic recording. The faster hologram was thus rapidly 
erased so that the slower one couid be then independently 
measured. The slower hologram decay was followed by 
means of the Vw cc .Jii cc 1 Esc i term evolution [see Eq. 
(4)] in fringe-locked conditions for E = 0 and the same 
large ,fJd, The required value for o/d is approximately 2.4 
rad, which gives Jo( ifJd) = 0,10 where Jo is the zero-order 
Bessel function. The ac peak-to-peak voltage that needs to 
be applied to the PZT to get such a o/d value was experi-
mentally found when looking for the absence of any oscil-
lation in V2f! under running hologram recording condi-
tions. Therefore, we found 2KiJZ1'-if;d = 67 V (note that the 
usual stabilization operate with 6 V instead), Such a large 
1/1d value produces a considerable increase in Va and V2n, 
thus making both the detection of signals and the operation 
of stabilization easier. Note that fringes are fixed, as shown 
by V n = 0 in Fig. 6, while V2U is decaying. The latter ev-





FIG. 6. Evolution of VJl and V2H in BTO for the slower photoactive 
species only, using a large modulation 2K'~ZTt/Jd = 67 V,11 ,= 340 J.LW lem
Z
, 
12 = 420 f.lW /cm2, without applied field. for a K = n06 pm-- J grating. 
Note that VI! (represented in ordinates with a 200 J.L V reference bar) stays 
constant at zero, meaning that the intelference pattern is adaptively fixed 
to the nonmoving slow hologram, while the decaying V2!! (represented in 
ordinate~ with a 100 f.lV reference bar) signal allows us to measure the 
relaxation of this hologram. 
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TABLE III. Relaxation constant for the slower photoactive species in 
ETO. K = 13.06 /-lm- I ; E is the applied field during recording. 
E 2AlzTtPd 10 S/Ic 





















The large 1/Jd value used here represents m =0 in Eq. (1), 
so that the erasing irradiance is 10, Table III reports some 
results for Silo, always for K = 13.05 JLm- 1 and no ap-
plied field. Some data refer to 2~ZT1/J d = SO V instead of 67 
V, but results are not significantly affected since the faster 
hologram is strongly reduced anyway. The theoretical ex-
pression for S in Eq. (11) may be drawn from Ref. 9: 
qJIgoT (1 + K2L1H 1 + K21i) + K2LEIE 
S=-E- (1 + K2L1) 2 + K2Li. ' 
12 
where r is the photoelectron lifetime, LE = IlirE the drift 
length, IE = EEI(qNA ), with NA being the photoelectron 
trap density, always referring to the slower species. Substi-
tuting the expression for go in Eq. (10) into Eq. (2), 
making L E = 0 and IE = 0 for E = 0, assuming K21~ « 1 and 
rearranging, we get 
S q¢f.l/r 2 2- I 







Assuming that the low experimental value for Silo re-
ported in Table III is due to a low J.iT value, accordingly we 
may also assume that K2Lb=K2(knTlq)J.-l7 « 1 so that 
Eq. (13) may approach 
S qepf.l'T 
10 = dhw; [Rd· (14) 
Substituting the corresponding data hv = 38048 X 10-20 J, 
d = 1.5 mm, [RtJ = 0.53 for K = 13.06 JLm--I, €lEo = 47, 
and the average value Sllo=3 cm
2/(W s) into Eq. (14), 
we get 
(15) 
3108 J. Appl. Phys., Vol. 68, No.7, 1 October 1990 
which is roughly 103 times lower than the value computed 
for the faster species, as discussed in the next section. 
VI. DISCUSSION OF RESULTS 
Experimental results in this work prove that at least 
two photoactive species are involved in holographic re-
cording in BTO at the 514.5-nm wavelengtho Other species 
may be also present but were not detected in this experi-
ment. The simultaneous involvement of both a fast and 
slow photoactive species may be at the origin of our failure 
to get reliable phase-shift data in previous experiments for 
BTO, in contrast with the rather good results that we have 
already obtained for Bi12Si020•
11 Note that the phase shift 
between the recorded pattern of light and the resulting 
hologram, for each E, is dependent upon photoelectron 
trap density NA , which is probably different for both spe-
cies. The widely different decay times for both species in 
ETO causes their participation in holographic recording to 
vary strongly with external perturbation conditions, thus 
making it difficult to measure a stable overall phase shift. 
In spite of the low number of data, it seems that ex-
peri.mental Lv values for the faster species are similar to 
data reported by ourselves using the hologram erasing 
techniques (Table II) for the same sample. Quantum effi-
ciency ¢, however, is somewhat lower, though differences 
are within experimental uncertainty limits. It is interesting 
to compare the value for o/J.i7 obtained for the slower spe-
cies in this work with that computed from 
(16) 
for the faster species. Substituting the average values 
ep=O.3 and LD=O.16 f.lm from Table I into Eq. (16), we 
get tPtI7=3x 10- 13 m2/V, which is roughly 103 times 
higher than that one measured for the slower species. 
The analysis of the damped V2fl oscillation in Fig. 4 
allows us to measure the decaying length (approximately 
voIS)-to-grating period (2rrIK) ratio voKI(21TS). We 
should substitute Vo and S by their mathematical expres-
sions in Ref. 7 and Eq. (12), respectively, and realize that 
the computed value 
(17) 
is more than 10 times lower than the measured value from 
Fig. 4. Note that we use the free-running hologram velocity 
Va in Eq. (17) because it describes better the running ho-
logram relaxation in Fig. 4. The lack of agreement between 
computed and measured results means that our simplified 
mathematical representation is not adequate enough. 
VII. CONCLUSIONS 
Previous results3,4 and the experiments reported here 
show that fringe locking is a powerful technique for the 
recording of 90 0 phase-shifted running holograms in pho-
torefractive crystals, both for applications and for funda-
mental research purposes. 
Using these techniques we have demonstrated the pres-
ence of a very slow species participati.ng in usual holo-
graphic recording in BTO. Fringe-locked techniques still 
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allow us to study the behavior of either the faster or the 
slower photoactive species depending on the chosen exper-
imental conditions, so that some characteristic intrinsic pa-
rameters of both species may be computed. The relaxation 
time of the slower species is very different (three orders of 
magnitude) from that of the predominant faster species, 
although they are comparable in terms of the obtained 
diffraction efficiency. This makes the overall diffraction ef-
ficiency very dependent on surrounding perturbations and 
therefore can result in a poor recording if no particular 
precautions (stabilized recording, avoiding the simulta-
neous participation of both photoactive species, etc.) are 
taken, 
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